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'STUDIES IN THE iOINETICS OP SOME im)USTEIilLLY IMPOETADT 
REACTIONS* A thesis submitted in pax'tial fulfilment of the 
recLuirements for the degree of Doctor of Philosophy by Kaplingat 
Neelakantan to the Department of Chemical Engineering, Indian 
Institute of Technology, ICanpur in October 1979. 

Aqueous solutions of ammonia are used to absorb the 
lean mixtures of waste sialfur dioxide to control atmospheric 
pollution in seTeral fertilizer plants pi'oducing sulfur 
dioxide and ammonia, Ammoni'um sulfite is thus obtained as 
a by-product. It may be easily oxidized to ammonium sulfate 
which is used as a fertilizer. Thus, oxidation of ammonium 
sulfite is industrially important, 

Tetrahydroanthraquinone is the starting material for 
the maiiufacture of anthraquinone which is an important inter- 
mediate for the manufacture of dyes. It is obtained by the 
reaction between butadiene and naphthoquinone. Both butadiene 
and naphthoquinone are obtainable as by-products from petro- 
chemical complexes. They may be economically reacted to 

produce tetrahydroanthraquinone which on oxidation produces 

T 

anthraquinone. Recently Gharda proposed that this process 
for the manufacture of anthraquinone may prove to be 
economical under Indian conditions. 
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Very limited information is available in the literature 
on the kinetics of the above industrially important reactions. 
This work was therefore undertaken to make a systematic study 
of the kinetics of these reactions, 'further the physical mass 
transfer coefficients and effective interfacial area are of 
practical importance for the design of gas-liq.uid contactors. 
Chemically reactive systems of known kinetics can be advanta- 
geously used for the determination of those important design 
parameters. 

The main study has been divided into three sections. 
Section I deals with the kinetics of the absorption of osygen 
in aiueous solutions of ammonium sulfite. Section II deals 
with the homogeneous kinetics of the reaction between dissolved 
butadiene and naphthoquinone. The data on physical mass 
transfer coefficients and the effective interfacial area in 
gas-liquid contactors alongwith an illustrative design problem 
have been discussed in Section III and Appendix rospcctively. 

The kinetics of the absorption of oxygen in aqueous 
solutions of ammonium sulfite was studied in stirred cells 
and in a laminar jet apparatus where the interface geometry 
is well defined. Cobalt ous s-ulfate was used as a soluble 
catalyst. The absorption of oxygen in ammonium sulfito 
solutions conformed to fast pseudo-nth order mechanism. In 
the range of reactant concentrations of 0.045 to 0.45 gmol/l. 
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the reaction was found to bo first order with respect to 
oxygen and second order with respect to anmonium sulfite. 

The overall third order reaction rate constant^ at 30°C 
was found to be 2,70 x 10^ (l/gmol) sec with an activation 
energy of 14.5 kcal/gmol. 

The kinetics of the reaction between dissolved butadiene 
and naphthoquinone in different solvents was studied in a 
batch reactor. The physical solubility of butadiene in 
organic solvents is reasonably large (2,82 - 4»45 gmol/l 
at 30° 0) to enable the kinetics of the reaction between 
dissolved butadiene and naphthoquinone to be determined in the 
homogeneous phase. The solubility of butadieiue and naphtho- 
quinone in various organic solvents was determined experi- 
mentally. The dielectric constant of solvents was found 
to affect the rate of reaction. The reaction was found to be 

first order with respect to both butadiene and naphthoquinone. 

3 o 

The overall second order reaction rate constant at 30 C was 
found to be 4.21 x 10~^ l/gmol sec and the energy of acti- 
vation was found to be 22,2 kcal/g mol. A reaction mechanism 
has been proposed. 

The data on the kinetics of the fast reaction between 
oxygen and ammonium sulfite were utilized for the deter- 
mination of effective interfacial area in a 5 cm i,d. packed 
column and 2,2 cm and 5 cm i.d. bubble columns. The results 
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are in good agreement with the published data. The kinetics 
of the relatively slow reaction between dissolved butadiene 
and molten maleic anhydride'^ were utilized to determine the 
physical mass transfer coefficient, k^a, in bubble columns 
of different dimensions. The results obtained in this study 
for the molten system are comparable with the reported data 
for aqueous systems^ 

Bubble columns may be used as industrial reactors for 
the gas-liquid reactions with some advantages. Mashelkar^ 
discussed the relevant features of the bubble column reactors. 
A bubble column reactor may be a better choice for the 
recovery of butadiene from the lean mixtures of C^-fraction 
by its selective reaction with maleic anhydride. A worked 
out design problem for the absoiption of butadiene in molten 
maleic anhydride illustrates the design procedure for bubble 
column reactors,^ 

The data obtained in this study are likely to be 
useful in providing a rational basis for the design of 
industrial reactors. 



SECTIONI 


EIITETICS OP ABSORPTION OP OXYGEN IN AQUEOUS 
SOLUTIONS OP AMT^ONIUiyi SDLPITB 



CHAPTER 1 


INTRODUCTION AND LITERATURE REVIEW 
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Aqueous solutions of anunonia are used to absorl 
sulfur dioxide to minimize atmospheric pollution in several 
fertilizer plants producing sulfur dioxide and ammonia* 
Ammonium sulfite is obtained as a by-product. This can he 
easily oxidized to ammonitim sulfate"^”^^ which is used as 
a fertilizer. Hence tht- absorption of into aqueous 

solutions of ammonium sulfite is an industrially important 
operation, , 

Literature Review ; 

In the chemical engineering literature the problem 
of oxidation of sodium sulfite has been studied ostcnsivc-ly, 
Yagi and Inoue studied tlie kinetics of the absorption of 
oxygen in sodium sulfite solution using bubblers. They found 
the reaction to be first order both with respect to oxygen 
and sulfite, Barron and O’Hern^^ conducted investigative 
measurements of homogeneous reaction of sodium sulfite and 
oxygen by the Hatridge and Houghton method of rapid mixing* 
03ae reaction was found to be of zero order with respect to 
oxygen and 3/2 order with respect to sifLfite, De Waal and 
Okeson^^ studied the oxidation of concentrated aqueous 
solutions of sodium sulfite -with gaseous oxygen in the 
presence of cobaltous sulfate as catalyst. They did not 
verify it experimentally but assumed that the reaction 
was first order in oxygen, G3ie rate of reaction was found 
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to be dependent on pH, At constant pH the reaction was 

IS 

independent of sulfite concentration, Wesselni^ obsorvod 

from his experiments that the rate of absorption of oxygen 

was found to decrease with increase in the concentration of 

sulfite. Linek attributed this decrease due to some 

inhibitting impurities present in the sulfite used and 

concluded that the reaction does not depend on sulfite concen- 

17 

tration at all, linek and Mayroferova calculated the 

kinetic data for the reaction of oxygen with sodium sulfite 

from the absorption rate of oxygen in mechanically agitated 

sulfite solutions, !Ehey reported that the reaction order 

in oxygen was found to depend on the oxygen concentration 

in the liquid phase at the interface. The reaction was 

first order in oxygen for oxygen concentration higher than 

approximately 6x10 M at the interface and second order 

TR 

for lower oxygen concentration, Yasunishi investigated 
the homogeneous liquid phase oxidation of sodium sulfite 
Catalysed by cupric ions by the rapid mixing flow method at 
25 C, The reaction was found to be 1/2 order with respect 
to oxygen, first order with respect to Sulfite and 1/4 order 
with respect, to cupric ions. It is apparent that although 
extensive studies have been made, the picture regarding the 
true kinetics of oxidation of sodium sulfite is still not 
very clear. 
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The oxidation of ammoniim sulfite on the other hand, 
has received very little attention. Some preliminary studies 
on oxidation of ammonium sulfite have been reported by 

IQ pQ Q q pi 

Young Vorlander and Lainau , and Hori G-irigoryan 

investigated the oxidation of ammonium sulfite by atmospheric 

oxygen in the presence of nitrogen oxides, Matsuura, Harida, 

22 

Ald-hata and Shirai studied this .areact ion in a batch reactor 
without catalysts. Recently Mishra and Srivastava^^' 
conducted a study for the liquid phase oxidation of ammonium 
sulfite. A mechanism of the reaction was proposed* 

It may be noted that information on the kinetics 
of the industrially important heterogeneous reaction between 
oxygen and ammonium sulfite under conditions of practical 
importance is not available in the literature. It may be 
erroneous to infer anything about the kinetics of oxidation 
of ammonium sulfite based on the controversial information 
available on sodi-um sulf ite-oxy^n system. An independent 
study is needed. The present work was therefore undertaken 
to make a systematic study of the kinetics of reaction between 
dissolved oxygen and ammonium sulfite. According to the 
theory of absorption with chemical reaction this system is 
likely to conform to fast reaction regime. 
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THEORY OP ABSORPTION ACCOMPANIED BY CHEMICAL REACTION 
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The theory of absorption accompanied by chemical 

25-27 

reaction has been discussed by several authors . 
However, a brief description of the relevant theory per- 
taining to this -work is presented here. Consider the 
reaction 


A 


(g) 


+ ^ Products 



The reaction is irreversible. It is mth order with 
respect to A and nth order with respect to B, It is assumed 
that reactant B and the reaction products are nonvolatile. 

In this heterogeneous gas liqiiid reaction, the transfer of 
the solute A and its subsequent reaction with the reactant 
B in the liquid phase may conform to one of the following 
regimes i 


1, Very slow reaction 

2, Slow reaction 

3, Bast reaction 

4, Instantaneous reaction 


Very Slow Reaction ; 

In this case, the reaction between dissolved A and B 
is very much lower than the rate of transfer of A from the 
gas phase to the liquid phase. Consequently the liquid 
phase (B) in which the reaction occurs will be saturated 
with the solute A at any moment and the overall process 
will be controlled by the homogeneous reaction between A and 
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B, The diffusional factors are unimportant and the transfer 
rate of A, R’(gniol/sec cm^) will he given as; 


m p-nin 


= ‘5n,n [^r [B] 


( 2 ) 


where k 


m,n 

[A] 

[B] 


rate constant for the reaction between A and 

cm \ —1 

--r) sec 


B ( 


gmol 


solubility of solute gas A in the liquid, 

'Z 

gmol/ cm"^ 

concentration of reactant B, gpiol/cnr 


The necessary condition to be satisfied for the 
occurrence of the above mechanism is 

kj,a [A] > 1 [Af [B]“ (3) 

where = true liquid side mass transfer coefficient, cm/sec 
a = gas liquid interfacial area, cm /cm’^ of effective 
contactor volume 
1 = fractional gas hold up 


Slow Reaction ; 

Under certain conditions when the reaction is not 
very slow, it occurs in the bulk of the liquid but the 
overall reaction rate is controlled by the rate of physical 
transport of the dissolved gas from the gas liquid inter- 
face to the bulk of the liquid. The concentration of the 
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dissolved gas in the bulk of the liq.'uid is zero since it 
is completely consumed by the reaction. The overall rate 
of absorption is then given by the following expression 

Ra = k^a [A] (4) 

The physical condition to be satisfied for the above 
eq.uation to be applicable is given by the following expression 

1 \,a [3]“ > ICja [A] (5) 

It may be noted from the rate expression (4) that the rate 
of reaction is independent of the concentration of the 
reactant B, It is virtually a case of physical absorption, 

East Reaction : 

Eor a fast reaction, the reaction between dissolved 
solute gas A and the reactant B occurs entireljr in the film. 
Under certain conditions, the concentration of the reactant 
B in the nei^bourhood of the gas liquid interlace is very 
little different from that iu the bulk of the liquid, 

Further, if the numerical value of concentration of B is 
much larger than the concentration of dissolved gas A, the 
concentration of the reactant does not drop appreciably in 
the filjn. Under these conditions the solute gas A undergoes 
a pseudo— nth order reaction mechanism. Figure 1 shows the 
concentration profiles for a pseudo-nth order reaction. 



1 


Reaction 

zone 



1 -Cpncentrotion profiles of Veactant EB1 and dissolved 
solute CA1 for a fast reaction conforming to pseudo- 
nth order mechanic. The film thickness is 6. 
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25 

Brian has discussed the appropriate theory. The 
following eq.uation for the specific rate of absorption was 
derived on the basis of the penetration theory. 


E = [A] 


m+1 \i,n 


m-l 


( 6 ) 


D. = diffusivity of solute gas (species A) in 


liquid, cm^/sec. 

The necessary physical conditions to bo satisfied 
for the occurrence of the above mechanism are: 


M 


5 ^ \ C®] 


n 


and 


hi. 




\| m+1 A m^n 






(7) 

( 8 ) 


where Z is the number of moles of the reactant B reacting 
with one mole of A, 

Instantaneous Reaction ; 

In this case the reaction is potentially so fast 
that the reaction plane is starved of both of the reactants. 
The reaction between the dissolved solute and the reactant 
could bo treated as instantaneous and the controlling step 
would be the diffusion of the reactants to a reaction zone 
close to the interface where the concentration of both is 
zero. 

The condition for occurrence for this mechanism is 


given by 
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iSl 

z 



( 9 ) 


x(2/m+l)D^ ISn.n [5]“^ 

when the value of ^ rate of transfer, R, is 

approximately given hy 

~ D. 


R 


- yA] 


D 

M^b 


(1^ 


3 


3 


A 


B 


A 


) 


( 10 ) 


Further, 

equation 


if [B] is Considerably greater than [A] the 
(lO) , reduces to 


R = kj.[B] 


M 


D, 


B 


D 


A 


( 11 ) 


when 


and Dg are of the same order of magnitude, then, 
R = yB] (12) 


The rate of mass transfer is then governed by the 
rate of diffusion of reactant B to the surface and is 
independent of the concentration of solute A, that is, 
it is independent of the partial pressure of solute A, 



CHAPTER 5 

EXPERMEITTAL 
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The design of stirred cells and laminar jet 
apparatus provides a well-defined interfacial geometry. 

They have been used for discerning the kinetics of relatively 
fast gas-liquid reactions. According to lacnkwerts'^ model 
laboratory experiments may be carried out in apparatus of 
such design to obtain meaningful results useful for the 
design and simulation of the performance of industrial 
gas-liquid contactors. In the present case stirred cells 
and laminar jet apparatus have been used for studying the 
kinetics of absorption of oxygen in aqueous solutions of 
ammonium sulfite. 

Stirred Cells ; 

Absorption experiments were carried out in stirred 
cells of different dimensions. The design features of the 
stirred cells were similar to that employed by Sharma and 

pO pQ CTq 

Danckwerts , G-ehlawat and Sharma and Jhaveri and 

51 

Sharma, Table 1 gives the major dimensions of the stirred 
cells used in this study. 


TABLE 1 

MAJOR DIMENSIONS QE STIEBEL GELLS 


Mo. 

I.D, of stirred 
cell, cm. 

Effective inter— 
facial area, cm^ 

Material of 
construction 

1 

5.5 

22 

glass 

2 

10.0 

79 

glass 

3 

15.0 

177 

perspex 
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Figure 2 shows the main features of the apparatus. 
Most of the experiments were carried out in stirred cell 
No. 2 whero the top part was provided with one B~24 and two 
B--14 joints. The stirrer shaft passed through a mercury 
seal through the central B-24 joint. The glass stirrer 
had flat vertical blades intersecting the plane of the 
surface. The gas phase in the stirred cell was also agitated 
by another stirrer kept at about 0,5 cm above the gas liquid 
interface. The speed of agitation could be kept constant 
in the range of 20-120 revolutions per minute. The apparatus 
was suitably fixed in a constant temperature bath where the 
temperature could be maintained constant within + 0.2°C in 
the range of 50-80°0, 

A known amoimt of solution was introduced in the 

stirred cell which was maintained at a constant temperature. 

The absorption of oxygen was measured by the volumetric 

uptake method employed by Gehlawat and Sharma^^^^^ and the 

51 

analytical method described by Jhaveri and Sharma, 

In the volumetric uptake method, pure oxygen was 
taken in a balloon which was connected to the stirred coll . 
The volumetric uptake of oxygen was measured by a soap film 
meter. The schematic diagram of the experimental set up 
for the above method is shown in Figure 5. 

In a few experiments (carried out in stirred cell 
No, 2) the partial pressure of oxygen was varied from 12.5 per 
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Fig.3 ^ Flow diagram for a stirred cell. 
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cent to 99 per cent using nitrogen as the diluent. The 
mixture of oxygen and nitrogen in the desired proportion 
•was passed through the apparatus for sufficient time so that 
the partial pressure of oxygen was the same as that in the 
incoming stream, A knoim amount of solution of prefixed 
concentration was then introduced in the cell, the gas flow 
was stopped and the -unit was connected to a halloon containing 
pure oxygen at essentially atmosphex“ic pressure. After a 
couple of minutes the •vol'umetric uptake of oxygen was noted. 

In the analytical technique oxygen or a mixture of 
oxygen and nitrogen was passed through the apparatus con- 
taining a known amount of solution of prefixed concentration 
for a known period of time. The progress of reaction was 
determined by analysing the solution for the siiLfite content 
before and at the end of the r-un. 

The ammoni'um s'ulfite was analysed according to the 

52 

method suggested by Vogel, A known amount of ammonium 
sulfite solution was titrated against standard iodine-iodide 
solution using starch as indicator. 

Laminar Jet Apparatus ; 

The principal design features of the apparatus were 

2S 

akin to those employed by Sharma and Danckwerts and 
G-ehalwat and Sharma?^*^^ The pertinent details have been 


shown in Pigure 4. The apparatus consists of a glass 




Fig. 4 -The laminar jet apparatus. 
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chamber of 47 mm I.D, flattened and ground at the top. 

The nozzle was mounted on the end of a slide tube which 
passed through an 0 ring seal in the mild steel cower 
plate used to seal the top of the glass chamber. The 
cower plate was polished to a fine finish so that a gas 
tight seal allowing sliding motion was possible with the 
aid of stopcock grease. The jet leng'bh was adjusted by 
raising or lowering the slide tube. The jet chamber was 
prowided with a gas inlet, a gas outlet and a drain. The 
jet nc>Z2ile, made of good quality brass was carefully t-urned 
to a shape shown in the Figure 4 and the profile of the 
cowering section was made as smooth as possible. The 
throat and face surfaces were polished to a smooth finish, 

A j et of liquid flowed downward from the nozzle through an 
atmosphere of oxygen into a glass receiwer of diameter 
slightly more than that of the jet. The receiwer was 
connected to an owerflow wessel for the adjustment of 
liquid lew el in the receiwer. 

Figure 5 giwes the flow diagram of the experimental 
set-up for the laminar jet apparatus. Aqueous solutions 
of ammoniimn sulfite of known concentration were stored in 
owerhead aspirator bottles. The liquid from the owerhead 
bottles was supplied to the laminar jet apparatus through 
a needle control walwe. The dimensions of the liquid jet 



storage bottle 



-Experimental set-up for laminar jet apparatus. 
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th-us formed were determined by using a travelling micro- 
scope. Oxygen was collected and stored in a balloon 
which was essentially at atmospheric pressure. The rate 
of absorption was measured using a soap film meter, A 
change in the flow rate of liquid and the jet dimensions 
enabled the contact time of gas and liquid to be varied 
from 0,016 to 0,09 sec. Results obtained using the above 
apparatus are discussed in the next chapter. 



CHAPTER 4 


RESULTS Affi) DISCUSSION 
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Absorption in Different Stirred Cells ; 

The data obtained on the absorption of oxygen in 
aqueous solutions of ammonium sulfite in different stirred 
cells using cobalt sulfate as the catalyst are reported in 
Table 2, and are also shown graphically in Pigare 6. It 
is noted that the specific rate of absorption, R (gmol/cm^sec) 
is the same for an eight fold variation in the interfacial 
area. Further the specific rate of absorption of oxygen 
in ammonium sulfite solutions was noted at different volume 
of the reactant taken in the same stirred cell. The 
results are given in Table 5 and also shown in Figure 7. 

It is observed that for about three fold variation in 
the volume of the reactant the specific rate of absorption 
was independent of the volume of the reactant. This means 
that the reaction is fast and takes place at interface. 

Effect of Catalyst Concentration ; 

The absorption of oxygen in aqueous solutions of 
ammonium sulfite was carried out using different concen- 
tration of cobaltous sulfate as catalyst. The resiiLts are 
reported in Table 4. Figure 8 shows th.e effect of 
catalyst concentration on the specific rate of absorption. 

It is observed that the specific rate of absorption 
increased with an increase of catalyst concentration upto 
about 4.70 x 10~^ gmol/1, thereafter it tended to level off 
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TABLE 2 


ABSORPTIOB QE OXYGEN IF AQUEOUS SOLUTIOITS OE 
AM'^IOEIOM SULEITE lU STIRRED CELLS 

Speed of agitation = 54 E..P.M, 

Catalyst concentration = 2,0 x 10 gmol/l 

Temperature = 30°C 


Concentra 
tion of 
ammonium 
Sulfite 


fBl, gmol/l 

L j»&^ / facial are 


0.080 

0.180 

0.400 


Specific Rate of Absorption, RxlO .gmol/cm sec 
Stirred cell Stirred cell Stirred cell No. ; 
No.l Effec- No, 2 Effec- Effective inter- 

tive inter- tive inter- facial area, 

facial area facial area, ^nn 2 


= 22 cm' 


0.562 

1.519 

1.925 


a = 79 cm' 


0.620 

1.530 

1.960 


a = 177 cm' 


0.568 


1.470 

1.980 


TABLE 3 

ABSO RPT ION OF QXYG-EN IN AQUEOUS SOLUTIO NS 
O F AI^iMONIIM SULH'ITE IN STIRRED CELLS 

Speed of agitation = 54 R.P.M, 

—3 

Catalyst concentration = 2 x 10 ^ gmol/l 
Concentration of ammonium sulfite = 0.16 gmol/l 
Temperature = 30°C 


Volume of Reactant, ml 


Absorption rate, 
■n T r\7 „ -1 


R X 10' 


lol/cm sec 





RKlO,gmol' /cm^sec 
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Effective intcrtacial areo of the stirred celt 

cm2 


Fig.0 -Effect of fnterfaclal area on the specific rote 
of absorption in stirred cells at 30*C. 


4 




02)5^010/ lOUi 6 01 ^ H 


Catalyst concn. =2-0x10 gmol/1 
2 . 5 - CB] =0-16gmol/l 


Volume of reacten^m! 


ig. 7 -Effect of volume of reactant on the rate of 
absorption in stirred cells at 30®C. 
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with the catalyst concentration. Thus the order of 
reaction with respect to catalyst becomes zero at concen- 
trations above 4.70 x 10 gmol/l. Hence additional 
experiments were carried out at this optimum catalyst 
concentration. 

Effect of Speed of Agitation s 

The absorption of oxygen in aqueous solutions of 
ammonium sulfite was carried out at different speeds of 
agitation and the results are shown in Table 5.. Figure 9 
shows a plot of speed of agitation versus the specific 
rate of absorption. It may be noted that the rate does 
not vary with the speed of agitation. Hence the hydro- 
dynamic factors are unimportant in the speed range used in 
this study. 

Absorption in the Jet Apparatus ; 

A few runs for the absorption of oxygen in ammonium 
sulfite solutions were carried out in a laminar jet apparatus. 
The results are given in Table 6, The data are also shown 
graphically in Figure 10, It is noted that specific rate 
of absorption remained practically constant when the time 
of contact was varied from 0.016 to 0,090 sec. 

This confirms that the hydrodynamic factors are 
unimportant under the conditions of this study. 
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TABLE 4 

iffiSOIii^TION OE OXY&En lU AQUEOUS SOLUTIONS OF 
AMMOKIUiyi SULEITE - EEEEOT OE CATALYST GOFCEITTIIATIOB' 

Concentration of ammoniiam sulfite solution = 0.430 gmol/l 

Speed of agitation = 54 R.P.M, 



Temper 

ature = 30*^C 

Run No. 

Concentration of cobaltous 
sulfate catalyst, gmol/l 

X 10^ 

Specific rate of absor- 
ption, R, (gmol/cm^sec) 

X lo'^ 

1 

1.079 

0.979 

2 

2.080 

2.150 

3 

3.078 

2.600 

4 

4.128 

3.110 

5 

5.125 

3.400 


TABLE 5 

ABSORPTION OP OXTGEN IN AQUEOUS SOLUTIONS OP AMITONIUM 

■ P I ■I [n iwi i» m il n il -I i n a r 1 IMI I^iii n ap t iiaii — n i 'n ii m ■! t u rn n a i w i i n \\iwmmmmMumammm0tmimm 

SULEITE IN STIRRED CELLSgEPPECT OF SPEED OP AGITATION 


Concentration of ammonium sulfite = 0.43 gmol/l 

Catalyst concentration = 4.70 x 10 gmol/l 


Temperature = 50*^0 


Run No, 


Speed of agitation 
rev/min 


Specific rate of absorption, 
R. (gmol/cm^sec) x 10‘ 


1 30 3.10 

2 44 3.10 

3 54 3.20 

4 67 3.20 

5 88 3.28 


R;X 10. g moU, IcnrsQc 








R xIO'g mol' -'/cm 
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Speed of agitation^ rev. / min 


Fig.s - Effect of speed of agitation on the specific rate 
of absorption in a stirred celt at 30*C. 
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Effect of Partial Pressure of Oxygen : 

The effect of partial pressure of oxygen on the 

absorption of oxygen in aqueous solutions of ammoniuin 

sulfite was studied by the -volumetric uptake method as well 

as the analytical method. The results are gi-ven in Tables 

7 and 8 respectively, Eigpre 11 shows a plot of partial 

pressure of oxygen versus specific rate of absorption for 

the vol-umetric uptake method, Figure 12 shows a plot 

partial pressure of oxygen versus R-/[B] Tbe 

specific rate of absorption is found to vary linearly with 

partial pressure of oxygen, which shows that the reaction 

is first order with respect to oxygen. This is in agree- 

24 

ment with the observation of Mishra and Srivastava. 

Effect of Concentration of Ammonium Sulfite s 

The reactant concentration [B] was varied from 0,045 
to 0,45 gmol/l. The absorption data are given in Table 9 
and also plotted in Figure 13, It is observed that the 
rate of absorption increased linearly with reactant concen- 
tration. According to oquation(6) "tkis observation indicates 
that the reaction is second order with respect to ammonium 
sulfite. 

Alternatively, as already noted, the reaction is 
first order with respect to oxygen. Thus, with the value 
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T£BLE 6 


AB SOllPTIOET OE OXY&EU IN AQUEOUS SOLUTIOI^rS OP 
AIE'[C^TII E!I SIJLEIPE 1}1 LAT^gTiiJl J ET -\PP..\EATUS i 
EEEBCT OF QOITTAQT TIME 

Concentration of ammoninm sulfite = 0,420 gmol/l 
Concentration of colaltous sulfate= 4.70 x 10**^ gtnol/l 

Temperature = 30° C 


Uo. 

Contact time 
sec. 

f 

Specific rate of absorption, 

7 2 

R X 10 .gmol/cm sec 

1 

0.016 


3.16 

2 

0.019 


3.14 

3 

0.024 


3.12 

4 

0.038 


3.14 

5 

0.053 


3.18 

6 

0.065 


3.12 

7 

0.090 


3,18 




TABLE 7 


ABSORPTIOR OE 

OXIGER IR AQUEOUS SOIUTIOESOE AM'-iORIUM 


SULFITE IR STIRRED 

CELLS EFFECT OF PiiRTIAL PRESSURE 


OF 

OXYGER. VOLUMETRIC UPTilCE METHOD 

Concentration of ammonium sulfite = 0,45 gmol/l 

Catal3^st concentration == 4.70 x 10 “3 gmol/l 
Temperature = 30^C 

Run 

Ro. 

Partial pressure 
oxygen , p er cent 

of Specific rate of absorption, 

R X 10'. gmol/cm^ sec 

1 

12.5 


0.44 

2 

27.2 


0.88 

3 

43.8 


1.50 

4 

60.8 


1.92 

5 

80.5 


2.20 

6 

99.0 


3.10 
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Fig. 10 - Effect of contact time on the specific rate of 
absorption in a laminar jet apparatus at 30°C. 




R X 10;gmoif'7cm 


3^1 



®/o oxygen partial pressure 


Fig.l'l - EHect partial pressure oi^oxygen on the 
specific rate of absorption of 30*C. 




CB3a 



Fig. 112^ -Effect of poftiol pressure of oxygen on the 

specific rote of obsorption in stirred celt 

0 

of 30*C-onolytical method. 
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of in=l in equation (6) , it reduced to 

K = [A] [B]“ (13) 

or 

'Xil)' = “a >Sn,n fB]'“ 

or 

log(^fp)^ = log +n log [B] 

Thus plot of log [B] versus log ^ ^o-y used 

to determine the order with respect to the reactant B, 
(Table 10 gives the calculated values of (pT^ ^ for various 
values of [B]) , Figure 15 shows such a plot. The slope 
of the strai^it line of Figure 13 is found to be equal to 
2. It confirms that the reaction is second order with 
respect to ammonium sulfite. 

Effect of pH ; 

The pH of the aqueous solutions of sodium sulfite 

has been found to influence the rate of absorption of 
14 33 

oxygen, * A similar influence may be present in the 

case of ammonium sulfite also. Hence the pH of the aqueous 
solutions of ammonium sulfite was determined. The data 
are given in Table 11, The variation of pH of the ammonium 
sulfite solution of different concentrations is ne^igibly 
small. The rate of absorption of oxygen under the 
conditions used in the present study is unlihely to be 
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TAJBLE 9 

ABSORPTIOJ^T OE OXYGEIT II AQUEOUS SOLlJTIOIfS OF 
SULFITE IF STIRRED CELLS; EEEBCT OF 
GOEGEFTRATION OF ATOIONIIM SULFITE FBI 

Goncentration of catalyst = 4.70 x lO^^gmol/l 

Temperature = 30° 0 


Run 

Eo. 

Concentration of ammonium 
sulfite, rsT.^ol/l 

Specific rate of absorption, 
Rxio'^ ^ol/cm2 sec 

1 

0.045 

0.350 

2 

0.093 

0.670 

3 

0.158 

1.140 

4 

0.195 

1.430 

5 

0.273 

1.900 

6 

0.414 

3.030 


TABLE 10 



ABSORPTION OF OXYGEN IN AQUEOUS SOLUTIONS Oi'’ AI-IMONIUM 


SUXFITB IN STIRRED CELLS? 

CALCULATED VALUES OF (R/fAl^) 


FOR VARIOUS VALUES OF TB' 


Run 

Nq. 

[B] 

R X l6' 
jsmol/cm^sec 

[A] X 10° 
ginol/cm3 

Cii/[A])^ 

1 

0.000045 

0.35 

1.12 

0.00092 

2 

0.000093 

0.57 

1.09 

0.00362 

3 

0.000158 

1.14 

1.05 

0.01000 

4 

0.001950 

1.43 

1.04 

0,01560 

5 

0.000273 

1.90 

1.01 

0.02770 

6 

0.000414 

3.03 

0.94 

0.07700 




Rx10,g mol /cm 


35 - 



EBl.gmol'" l\ 


F'913 - Effect of ommonium sulfite concentration on 
the specific rate of absorption at 30®C. 
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affected Toy pH* However, a few runs were carried out after 
artificially adjusting the pH of the solutions at different 
levels. The data are reported in Table 12, It is noted 
from the data given in Table 12 that the rate of absorption 
of oxygen was unaffected by an artificially introduced 
change in the pH, 

PHYSICOGHBMICAl DATA ; 

The values of the solubility and diffusivity of 
oxygen in aqueous solutions of ammonium sulfite have to be 
computed for determining the true value of the reaction 
rate constant. 

Solubility of Oxygen in Aqueous Solutions of Ammonium Sulfite ; 

The solubility of oxygen in water has been reported 
by Morrison and Billet^^ Its solubility in the reactant 
solution was estimated by using the expression 


^10 


where [A] = solubility of oxygen in aqueous ammonium 

sulfite solutions, gmol/cm''^ 

= solubility of oxygen in water, gmol/cm"'^ 

= i_^ + i + i„ 
s + - g 

i = contribution due to various species, l/g ion 
I = ionic strength of solution, l/g ion 
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TABLE 11 



pH OE AQUEOUS 

SOLUTIONS OE AMMONIUM 

SULFITE 


Concentration 

of catalyst « 4.70 x 10“’^gmol/l 

Temperature =s 50°C 

No. 

Concentration of 
ammonium-S'ulf it e 
solutionfBl ,mol/l 

pH of Aqueous 

Solutions 

Without Catalyst 

With Catalyst 

1 

0.0605 

8.10 

8.00 

2 

0.1070 

8.10 

8.00 

5 

0.2560 

8.15 

8.05 

4 

0.5670 

8,15 

8.05 

5 

0,4510 

8.10 

8.00 


TABLE 12 

ABSORPTION OE OXYGEN IE AQUEOUS SOLUTIONS OE 
AI-IMONIIM SULEITE IN STIRRED CELLS; EEFEOT OF pH 

Concentration of ammonium sulfite [B] = 0*45 gmol/1 

Concentration of catalyst = 4.70 2 : 10 gmol/l 

Temperature = 50*^0 


Run 

No. 


pH 


1 7.0 

2 7.45 


Specific rate of absorption, 
7 2 

R X 10 ' gmol/cm sec 


5 


8.00 


5.10 

5.10 

5.20 
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55 

Van Krevelen and Hoftizer have given the values of i for 
various ions and gases. The values of solubility of oxygen 
in aq.ueous solutions of ammonium sulfite computed by the 
equation 15 and used in this study at various temperatures 
are given in Table 13. 


hiffusivity of Oxygen in Aqueous Solutions of immonium 
Sulfite ; 

The values of diffusivity of oxygen in water have 

5fi 

been reported by Himmelblau, The values of diffusivity 
of oxygen in various reactant solutions wore estimated by 
the expression 


= constant (16j 

whore = diffusivity of oxygon in solution, cm^/sec 
p, = viscosity of solution, cp 
T = temperature, °K 

Table 14 gives the values of diffusivity computed by using 
equation 16 for oxygen-ammonium sulfite system at various 
temperature. 


Physical Mass Transfer Coefficient ; 

The values of true mass transfer coefficient are 
required to check the conditions given by the expressions 
7 and 8. The values of physical mass transfer coefficient for 
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TABLE 15 

SOLUBILITY OF OXYGEB IB AQUEOUS SOLUTIONS OiP AJMOEIUM SULFITE 


Bo. 

Concentration 
of ammoninm 
snlfite solution 

[A] 

X 10 ^, 

3 

gmol/ cm"'^ 


o 

o 

o 

OJ 

30° G 

40° C 

46°G 

1 

0.000 

1.30 

1.19 

1.05 

1.01 

2 

0.045 

1.28 

1.12 

1.04 

0.99 

3 

0.093 

1.20 

1.09 

1.02 

0.98 

4 

0.158 

1.18 

1.05 

1.01 

0.95 

5 

0.195 

1.10 

1.04 

0.96 

0.94 

6 

0.273 

1.05 

1.01 

0.92 

0.90 

7 

0.414 

1.02 

0.94 

0.94 

0.87 


TABLE 14 


LIFFUSIVITY OE OXYGEN IJT AQUEOUS SOLUIIOITS. OF MilOBIUM SULFITE 


Bo. Temper ature,°C Diffusivity, x 10^ ,cm^/sec 


1 

20 

2.01 

2 

25 

2,12 

3 

30 

2.22 

4 

35 

2.23 

5 

40 

2.2t 

6 

46 

2.30 
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sulphur dioxide -water system at different speeds of 

30 

agitation have been reported by G-ehlawat for the same 

stirred cell. They have been corrected for the diffu- 

sivity and viscosity effects by the following expression 


D 


nO.5 


v = V (Crater ) 

^S 02 -H 20 solution -^S 02 -H 20 


(17) 


Table 16 gives the values of physical mass transfer 
coefficient at various speeds of agitation. 


Test for Physical Conditions ; 

For a typical run for the ammonium sulfite concen- 
tration of 0.41 gnol/l, the specific rate of absorption 

—7 P 

was R=3.03 X 10 ‘ gmol/sec.cm . The solubility of oxygen, 
—7 *5 

[A] = 9.4 X 10 gmol/cm and the physical mass transfer 
coefficient = 3.12 x 10 cm/sec. Thus 

which satisfied the condition given by expression (7). 
Further, the value of [B]/Z[A] is 213 indicating that the 
condition given by expression (8) was also satisfied. 
Hence the reaction is found to conform to fast pseudo-nth 
order regime with values ofo=i and n=2. Equation (6) 
may be used for the determination of the values of the 


reaction rate constant 
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Reaction Rate Constant ; 

Ror the present system, the eqnation (6) reduces to 
R = [A] ^3 [B]^ (18) 

from which Ic, = (i*^) ^ • ( — i— — ) (19) 

^ . Dj^ [B]^- 

Equation(l9) hsts beeatiused to calculate the values of the 
third order reaction rate constant, k^. The effect of 
temperature on reaction rate constant was studied, Rigure 
14 shows the Arrhenius plot. The apparent energy of 
activation is found to be 14*5 kcal/gnol. Table 16 gives 
the data on reaction rate constant along with the original 
values of the specific rates of absorption. The data 
obtained are likely to be useful for a rational design of 
industrial reactors. 
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T£BLE 15 

VALUES OP TRUE MASS TRAITSPER COEPPICIERTS POP THE 
ABSORPTIOH OP OXIGBN IN AQUEOUS SOLUTIONS OP AMMO- 
NIUM SULPITE IN STIRRED CELL 

2 

Effective interfacial area of stirred cell = 79 cm 


Temperature = 30^0 


No. 

Speed of 

agitation 

rev/min. 

Physical mass trans^’er^C 
coefficient for S 02 ~H 20 
system, ^ 

kj^xlO'^ cm/ sec 

' ^iiysical mass tra.nsfer 
coefficiont for 02 “ 
(NE 4 ) 2 S 03 system, 

kj^2:10^,cm/ sec 

1 

30 

1.85 

2.22 

2 

42 

2.30 

2.76 

3 

54 

2.60 

3.12 

4 

65 

2.85 

3.42 

5 

88 

3.50 

4.20 



TABLE 16 


REACTION RATE 

CONSTANTS POR THE REACTION BETWEEN OXYGEN AND 



AMI^IONIDM SULPITE 




CoSO^ catalyst concontration = 4#70xl0**‘^gmol/l 

No. 

Tempera- 

ture^ 

^C 

Specific rate of 
absorption, 

7 p. 

RxlO' gmol/cm sed 

Reaction rate constant^ 
k^xlo“^ (1/ gmol ) ^ se 

1 

20 

2,05 

1.05 

2 

30 

3.11 

2.70 

3 

40 

4.15 

4.95 

4 

46 

5.30 

8.15 



•T» 
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KEICETICS OP THE REACTION EETWEEE BUTAEIEEE AED NAPHTHOQUIEOKE 



CHAPTER 5 


INTRODUCTIOH AM) IITERATURE REVIEW 
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TetrahydroarLtliraq.uinone is obtained by the reaction 
between butadiene and naph.thoq.uinone , It is 'the starting 
material for the manufacture of anthraquinone which is an 
important intermediate for the manufacture of dyes. Three 
different processes are used for the commercial manufacture 
of anthraquinone , They are; 

1, Oxidation of anthracene derived from coal tar 

2, Priedel craft condensation of phthalic anhydride 
with benzene in the presence of anhydrous alumi- 
nium chloride and the ring closure of the 
orthobenzoyl benzoic acid so formed to anthra- 
quinone with concentrated sulfuric acid, 

3, Diels-Alder reaction between butadiene and 
either benzoquinone or naphthoquinone followed 
by the oxidation of the adduct, tetrahydro— 
anthraquinone in tho presence of an alkali. 

Recently G-harda^ has made an economic evaluation 
of the above three processes with specific reference to 
Indian conditions. It was concluded that the third process 
would prove more economical than the existing process 
(second one) under certain favourable conditions, Naphtho- 
quinone is formed as a by-product during the vapour phase 
oxidation of naphthalene to phthalic anhydride upto an 
extent of 15 per cent. Thus large amounts of naphthoquinone 
may be available as by-product. Similarly butadiene may 
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be available as a co-product during the production of 
ethylene from a naphtha cracker. In India, at a particular 
location two neighbouring plants produce both naphtho<luinone 
and butadiene as the by-products. They may be economically 
reacted for the ultimate conversion to anthraq.ulnone , It 
may be noted that the reaction between naphthoquinone and 
butadiene is very selective. Therefore, it may be used 
for the selective reaction of butadiene from the C^~fraction 
since other members do not react with naphthoquinone. 
Similarly crude naphthoquinone may be selectively reacted 
with butadiene and recovered from the reaction mix cure as 
tetrahydroanthraquinono. Hence the reaction between 
butadiene and naphthoquinone is of groat industrial 
import ance, 

LITERATUBH BEYIEW 

Yery limited information is available in the 
literature about the reaction between butadiene and naphtho- 
quinone, A few studies have been reported in the literature 
regarding the kinetics of some closely related Diels— Alder 
reactions, Wassermann^'^ studied the kinetics of the 
reaction between cyclopentadiene and naphthoquinone and 
between cyclopentadiene and benzoquinone in benzene 
solution. He found the reaction to be first order with 
respect to benzoquinone and naphthoquinone and also with 
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respect to butadiene. At low temperatures the reaction 
products were analysed by the colourimetric method. A 
vapour pressure technique was employed to study the reaction 
at higher temperatures. The kinetics of the reaction 
between butadiene and henzoluinone was studied by Eisler 
and Wassermann''^ using benzene as solvent. In this case 
also, the reaction was found to be first order with respect 
to both butadiene and benzoq.uinone. 

Some information about the general process conditions 

and purification steps for the production of anthraq.uinone 

through the butadiene— naphthoquinone route are given in 

39-42 

a few patents. Practically no infomation is available 
in the literature about the kinetics of the reaction between 
butadiene and naphthoquinone. Butadiene is a gas and 
naphthoquinone is a solid at ambient conditions, Naphtho— 
q^^inone sublimes at its melting point. Therefore, it is 
not possible to carry out this reaction under molten 
conditions as was done by Gehlawat^ for the butadiene-maleic 
anhydride system. Benzene has been used as a solvent by 
other investigators for similar Diels-Alder reactions. 

The reaction between butadiene and naphthoquinone may be 
carried out using a solvent, A comparative study may be 
conducted to select a proper solvent for this purpose. 

The solubilities of butadiene and naphthoquinone in various 
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organic solvente are not reported in the literature, j\n 
experimental determination of physical soluhility of 
hutadiene and naphthoquinone in different solvents is 
needed. The present work was therefore undertaken to 
make a systematic study of the kinetics of this induscrially 
important reaction using organic solvents. 



CHAPTER 6 


EXPERIMENTAL 
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MATERIALS 

A butadiene cylinder was obtained from M/S Synthetics 
and Chemicals, Bareilly, The purity of the gas was reported 
to be 99 per cent, iTaphthoq.uinone, solrents and other 
chemicals used in the present study were of high purity. 

They were obtained from firms of repute. 

METHOBSOB ANALYSIS 

(a) Butadiene ; The physical solubility of butadiene in 
various organic solvents was determined by preparing 
saturated solutions of laiown amounts of solvents at 
specified temperatures. The amount of butadiene was deter- 
mined by an increase of weight as well as by the bromate — 
bromide mothodi^”'^^ 

B romat e—Bromide Method for the Determination of Butadiene ; 

10 ml of 0.05 h bromate-bromido solution (prepared 
by weighing 1.592 gm of potassium bromate and dissolving 
it in one litre of water containing potassium bromide) 
was pippetted out into a conical flash. Following the 
addition of 5 ml of 6 R sulfuric acid, a known amount of 
solution containing butadiene was introduced into the 
conical flask. The flask was shaken fretiuently xor ten 
minutes, 15 ml of freshly prepared 2IT pobassium iodide 
solution was then added. The liberated iodine was deter- 
mined by titration with 0.02E sodium thiosulfate. 
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A "blank run was madG under identical conditions 
and necessary correction was applied for determining the 
amount of butadiene dissolved in the solution, 

^'^9-Phth o9.uinone : The solubility of naphthoquinone 

in various organic solvents was determined by preparing 
its saturated solutions at a given temperature. The amount 
of dissolved naphthoquinone could be d.etermlned by noting 
the amount of residual naphthoquinone. It could also be 
determined colorimetrically using Bausch and lomb Spectro- 
photometer (Spectronic-20) , 

Table 17 gives the data for the calibration of 
Spectronic 20, The calibration charts for the solubility 
of naphthoquinone in various solvents are given in Bigures 
16 and 17. They were used for the determinations of 
naphthoquinone content in kinetic runs, 

TABLE 17 

CAIIBRATIOE OE SPECTBOPHOTOEBTBR (SPBCTROEEC-PO) EOR DIPEERERT 
LEVELS OE UAPHTHOQUINOEE CORTERT IN BENZENE SOLUTION 


WAVELENGTH USED = 700 millimicrons 


No. 

Concentration of 
napthoquinone,^ol /I 

Per cent 

Transmittance 

1 

0.0000 

88.0 

2 

0.0245 

75.0 

3 

0.0490 

67,5 

4 • 

0.0980 

45.0 

5 

0,1960 

15.0 




Concentration of naphthoquinonc.gmoi/1 


Fig. 16 -Calibration curves for Spectronic-20. 

(Spectrophotometer) 





S5963 



Percentage transmittance 



Concentration of naphthoquinone. gmol/l 


Fig. 1 7 - Calibration curves tor Spectronic -20. 

(Spectrophotometer) 
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Determination of Physical Fini nhn i -i- y j 

A 100 ml size glass bub Toler provided with a q.uickfit 
standard glass Joint with inlet and outlet connections for 
gas was used for the determination of physical solubility 
of butadiene in various organic solvents. The bubbler was 
placed in a constant temperature bath. The temperature of 
the bath could be controlled within + 0.2°C. Another 
bubbler containing the solvent was installed in the same 
bath in series with the main bubbler. A known amount of 
solvent (50 ml) was taken in each bubbler. Butadiene gas 
was bubbled through the solvent at a slow rate until satu- 
ration was attained. The difference in initial and final 
weights gave the amount of Toutadiene present i.e. solubi- 
lity of butadiene. As a countercheck, the above saturated 
solution was also analysed for its butadiene content using 
bromate -bromide method. The two methods gave results which 
were in close agreement. 

A 100 ml conical flask provided with a stopper and 
containing the solvent was used for the determination of 
physical solubility of naphthoq.uinone , It was placed in 
the constant temperature bath. A known amount of naphtho- 
quinone was added to the flask containing the solvent. 

The contents were stirred mannually using a glass rod until 
no more of naphthoquinone was dissolved. That is, a 
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saturated solution of naphtlioq.uinone -was obtained at the 
given temperature. The excess undissolved napthoq.uinone 
was recovered by filtration and its weight was noted. A 
spectrophotometer (Spectronic-20) was used to determine 
the amount of the dissolved naphthoq.uinone , 

Kinetic Euns ; 

The Kinetic runs were carried out in a 500 ml Erlenmeyer 
flask which served as a batch reactor. The reactor w as 
placed in a constant temperature bath equipped with a stirrer 
and arrangements for temperature control within + 0.2°C. 

The apparatus and the general procedure were similar to 
those employed by Kumar and G-ehlawat for the homogeneous 
kinetic studies between dissolved chlorine and acetic acid. 
Kigure 18 gives the schematic diagram of the experimental 
set up. 

In a ts/pical run, the reactor containing a known 
amount of naphthoquinone dissolved in the solvent and a 
bubbler containing the pure solvent to dissolve butadiene 
were installed in the constant temperature bath. After 
the attainment of the steady state temperature, butadiene 
gas was bubbled through the solvent until saturation. A 
known amount of the saturated butadiene solution ohus 
prepared and it was transferred to the batch reactor 
containing the naphthoquinone solution. This was taken as 
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the zero reactions time. At various intervals of time, 

10 ml of the reaction mixture were withdrawn. The reaction 
was followed by noting the drop in concentration of naphtho- 
quinone with respect to time. The change in naphthoquinone 
concentration was noted with the help of Spectronic-20, 
Experiments were conducted using benzene, nitro -benzene, 
chloro-benzene, n-hexanol, n-butanol and dioxane as solvents 
over the temperature range of 25-50°C, 



CHAPTER 7 


RESULTS AM) DISCUSSION 
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Solubility Data ; 


Ihe solubility data of butadiene and naphthoq.uinone 
in various organic solvents determined experimentally are 
given in Tables 18 and 19 , For an ideal gas at constant 
pressure the following equation holds; 


d In G _ A H 


dt 


RT^ 


( 20 ) 


where C is the concentration in gmol /I of solute in the 
liquid phase and^H is the heat of dissolution. If 
is assumed to be independent of temperature, an integration 
of equation (20) would give 


In 



( 21 ) 


Equation (21) may be used for the determination of 
heat of dissolution. Figures 19 and 20 show the plot of 
reciprocal of absolute temperature versus logarithm of 
solubility. The slopes of the straight line enables the 
determination of the heat of dissolution. The data for 
heats of dissolution are given in Table 20, It may be 
noted that the heats of dissolution for gases carry negative 
sign since the solubility of gases decreases with tempera- 
ture, It cax'3rle& a positive sign for solids since their 
solubility increases with temperature in general. 
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TABLE 18 

PHYSICAL SOLUBILITY OP BUTADIENE IN ORGANIC SOLVENTS 

AT 1 ATM 


No . ! 

» 

Temp , , 

T ■” 

1 Physical Solubility of 

Butadiene 9 smol /I 

°0 

1 

{Benzene 

1 j 

1 Nitroben-1 Chloro- 

! 1 

} Dioxane | 

t 

n-buta-} n- 

! 

t 


! 

1 

1 

{ zene 

} benzene 

» 

f ! 

! 1 

» -L 

nol 'hezanol 

-i- 

1 

25 

3.00 



3.53 


2 

30 

2.82 

2.88 

4.45 

3 .16 

3.15 3.25 

3 

40 

2.60 

2.64 

4.02 

3.04 

« - 

4 

50 

2.20 

- 

- 

2.85 

- - 

5 

60 

2.05 

1.90 

3.33 

2.39 

- 

6 

70 

- 

1.79 

2.96 

2.32 

« — 




TABLE 

19 




PHYSICAL 

SOLUBILITY OP 1.4 

■ NAPHTHOQUINONE IN VARIOUS 




ORGANIC 

SOLVENTS 



No. 

“ "Temp. , 

°C 

Benzene 

Physical 

“Chloro- 

benzene 

Nitro- 

benzene 

Dioxane 

Methanol 

1 

20 

0.700 

0.44 

0.40 

- 

0.850 

2 

25 

0.805 

- 

- 

0.86 

0.900 

3 

30 

0.852 

0 . 600 

0.52 

0.91 

0.960 

4 

40 

1.000 

0.710 

0,60 

1.05 

1.150 

5 

50 

1.100 

0,840 

0.74 

1.15 

1.210 

6 

60 


1.000 

0.84 

1.25 


7 

70 


1.100 

0.96 

— 
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Kinetics of the Reaction Between Dissolved Butadiene and 
KanKthoiuinone ; 


The physical soluhility of butadiene in organic 
solvents is reasonably large to enable the kinetics of the 
reaction between dissolved butadiene and naphthoquinone to 
be determined in the homogeneous phase. 

The homogeneous irreversible reaction between the 
dissolved butadiene and naphthoquinone is given by the 
equation (22). 



The rate of reaction, r^, in gmol /l sec is given by 


•A 


— dfAl 

“dt “ 


'Sa.n 


m 


[B] 


n 


( 23 ) 


where = concentration of naphthoquinone, gmol /I 

[B] = concentration of butadiene, gmol /l 

m = orier of reaction with respect to reactant A 


n = 


'm,n 


order of reaction with respect to reactant B 
specific rate constant (l/gmol ^ sec 


Pseudo-Bjrst Order Runs ; 

When the concentration of areactant B is very much 
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larger as compared to the concentration of reactant A the 
concentration of reactant B would remain virtually constant 
as A is reacted. Pseudo- first order mechanism would 
prevail xmder these conditions. In some experimental rims 
the concentration of naphthoquinone was maintained relatively 
low at 0.05 gmol /I as compared to the concentration of 
butadiene which was higher at 1,1 to 1.40 gmol /I. There- 
fore the concentration of butadiene was very large (22 to 28 
times higher) as compared to the concentration of naphtho- 
quinone, As the reaction between butadiene and naphthoqui- 
none progressed, the butadiene concentration remained 
practically constant throughout the reaction period. Conse- 
quently a pseudo -first order behaviour of the reaction was 
prevalent. Under these conditions the equation (25) reduces 
■fco 

^A=- C24) 


Integration of equation (24) gives 


-In 




(25) 


Thus, a plot of reaction time *t' versus -In 



■q- 


would give a strai^t line the slope of which will give 
the value of The results obtained for a set of runs 

conducted at 35°G under pseudo first order conditions are 
given in Table 21. Figure 21 shows the plot »t‘ versus 
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TiffiLE 20 


HEAT OE EISSOLUTIOE OF BUTADTEilE AI'® FAPHTHOQUIEONE 

IH ORGANIC SOLTENTS 


No. 

Solvent 

Heat of solution. 

kcal/gmol 

Naphtho luino ne 

Butadiene 

1 

1,4 Dioxane 

2.56 

-2.16 

2 

Methanol 

2,68 

- 

3 

Benzene 

2.80 

-2.48 

4 

Chloiobenzene 

3.66 

-1.82 

5 

Nitrobenzene 

3.94 

-2.10 


TABLE 21 

LATA FOR PSEULO-FIRST ORDER RATE CONSTANT FOR THE REACTION 

BET¥SEN Butadiene and naphthoquinone in benzene solution 

Temperature = 35°C 


Conceiitratioii of Butadiene = 1,35 gmol /l 


No. 

Time, 

min. 

'f 

Per cent 
Transmi- 
ttance 

Concentration of 
nap ht ho q.uinon e 
[A] , gmol /I 

-In 

- ^V» sec"*^ 

1 

0 

65.0 

0.0560 

0. 

000 

2 

20 

65.5 

0.0550 

0. 

0150 

3 

40 

66.0 

0.0540 

0. 

0240 1.06x10“^ 

4 

60 

66.5 

0.0535 

0. 

,0420 

5 

80 

67.0 

0.0530 

0. 

,0510 

6 

100 

67.5 

0.0525 

0, 

,0640 


Value computed from the slope of the- straight line 
relationship between ’t« versus -In . 



LAJ 



Fig. 21 -Computation of prcudo first order 
rote constant at 35®C. 
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C A 1 

-In for the above runs, A straight line relationship 

confirms the pseudo-first order behaviour of the reaction. 


Effect of Concentration of Uaphthoguinone ; 

A few runs were carried out at 35^0 in which the concen- 
tration of naphthoq.uinone was varied from 0.05 fo 0.50 
gmol /l keeping the concentration of butadiene constant at 
1.55 gmol /I. The results are given in Table 22. Figure 22 
shows a plot of concentration of naphthoq.uinone versus the 
rate of reaction. All data points lie on a straight line 
passing through the origin. It can be inferred from Figure 22 
that the reaction is first order with respect to naphthoquinone. 
This was further confirmed by plotting the concentration of 
naphthoquinone versus rate of reaction on a log log plot. 

The slope of the straight line obtained was unity. 


Effect of Concentration of Butadiene ; 

In order to find the order of reaction with respect 
to butadiene* experiments were carried out at 35°G in which 
the concentration of butadiene was varied from 0.05 fo 0.4 
^ol- /I maintaining the concentration of naphthoquinone 
constant at 0.5 gmol /I. Bie results are gliren in Table 23. 
Eigure 23 shows a plot of butadiene concentration versus 
rate of reaction. It is clear from Figure 23 that the 
reaction is first order with respect to butadiene. Further 
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TABLE 22 

EEFECT OF COECEITTITATIOI OF FIPHTHOQUIFONB OH THE RATE OF REACTION 

Solvent ; Benzene 

Concentration of butadiene = 1,55 gmole/l 

Temperature = 35^0 


Concentration of Z T. I TW 

Run Ho, Haphthofluinone Race of reaction 2: x 10 , 

gmol /l ffl^ot/(l.sGc; 


1 

0.050 

5.80 

2 

0.104 

11.50 

3 

0.152 

16.67 

4 

0.200 

23.00 

5 

0.250 

27.00 

6 

0..306 

35.00 


TABLE 


EFFECT 

OF BUTABIEHE CORCEETPJITIOH OR THE RATE OF REACTIOR 


Solvent ; 

Benzene 


Temperature 

= 35°C 

Concentration of Hapiitho- 
quinone 

= 0.5 gmole/l 

_ 

Run Ho, 

Concentration of 
butadiene, gmol /l 

Rate of reaction, r.xlO , 

OTol Xl. sec) 

1 

0,050 

1.02 

2 

0.076 

1.60 

3 

0.096 

2.30 

4 

0.200 

5*10 

5 

0.400 

9.30 



Rate of reaction, x g mol/lsec 



Naphthoquinone concentration.gmol/l 


Fig. 22 -Effect of naphthoquinone concentrotion 
on rate of reaction at 35X. 




Rate of reaction, r a xfO , g mol /( sec 



Fig. 23 -Effect of butadiene concentration on 
rate of reaction at 35°C. 




69 


a log- log plot of concentration of butadiene and the rate 
of reaction - gave a straight line whose slope is unity. 

This confimis that reaction is first order with respect 
to bubadiene. Thus, the overall reaction was found to be 
second order. 

Reaction Rate Constant ; 

The overall rate expression (23) reduces to 

= ^2 TB] (26) 

A comparison of equations (26) and (24) shows that 

kl = k2 [B] (27) 

Tables 24 to 27 give the basic data for different 
temperatures along with the values of pseudo-first order 
rate constants computed from the slopes of the strai^t 
lines for 't' versus -In , The values of the second 
order reaction rate constant, k^, l/gmol sec}, were obtained 
by using equation (27), Table 28 gives the value of second 
order rate constants at different temperatures, figure 24 
shows the Arrhenius plot for the reaction between butadiene 
and naphthoquinone. The energy of activation was found 
to be 22,2 kcal /gmoli. 

The valiies of the second order reaction rate constants 
for similar type Diels-AIder reaction systems are given in 
Table 29, It may be noted that the value of second order 
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TABLE 24 

DATA EOR PSEUDO-EIRST ORDER RATE CORSTART FOR THE REACTIOR 

-.J .... BUTADIEImE ARD RAPHTHOQUIRORE IR BERZEHE SOLUTIOR 

Temperature = 25° C 

Coiicentration of butadiene =1.5 gmol /I 


Ro. 

Time, 

min, 

't' 

Per cent 
transmi- 
ttance 

T^^centration of 
naphthoquinone , 

. r Al gmol /l 


1 ^ “1 
K, , sec 

1 

0 ■ 

65 .0 

0.0560 

■ 0.000 


2 

50 

65.5 

0.0550 

0.010 


3 

100 

66,0 

0.0540 

0.024 

3.5x10“^ 

4 

150 

66.5 

0.0535 

0.030 



■■ ^ ^ ' ■■ . ■“■—""■I ll■ll IK ..■-■•••.III imn 

Yalue computed from the slope of the strai^t line relation- 
ship between 't* versus -In 

TABLE 25 

DATA FOR PSEUDO-FIRST ORDER RATE CORSTART FOR THE REACTIOR 
BETUE.OR BUTADIERE Al® RAPHTHOQUIRORE IR BERZERE SOLUTIOR 

Temperature = 30° 0 

Concentration of butadiene = 1,4 gmol /I 


Ro. 

Time, 

min. 

1 1> 

Per cent 
Transmitt- 
ance 

Concentration 
of naphthoqui- 
none ,r Al ATQOl /I 


eJ, sec"^ 

1 

0 

65.0 

0.0560 

0.000 


2 

40 

65.5 

0.0550 

0.015 


3 

60 

66.0 

0.0540 

0.024 

5.9x10*“^ 

4 

80 

66.5 

0.0535 

0.030 



^alue computed from the slope of the strai^t line relation- 
ship between *t’ versus -In 
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TABLE 26 


DATA POlt PSBTIDO-EIRST ORDER RATE CORSTAUT FOR TTIE REACTIOR 

aid BUTADIEl® AID lAPHTHOQUIIOEB II BEIZEIE SOLUTION 
Temperature = 4.0°C 

Conce ntration of butadiene = 1.50 gmol. /l 


No, 

Time, 

min. 

’t« 

Per cent 
Transmi- 
ttance 

Concentration of 
Naphthoquinone , 
[A], gmol /I 


1^, sec""^ 

1 

0 

65.0 

0.0560 

0.000 


2 

20 

66,0 

0.0540 

0.024 


3 

40 

66.5 

0.0535 

0.042 

1.58x10“^ 

4 

60 

67.5 

0.0525 

0.064 


5 

80 

68,0 

0.0520 

0.078 


6 

100 

68.5 

0,5000 

0,100 



a. 


Value computed from the- slope of the straight line relationship 
between 't* versus -In 



TA BLE 27 

DATA FOR THE PSEUDO-FIRST ORDER RATE CONSTANT FOR THE REACTION 
BETWEEN BUTADIENE AND NAPHTHOQUINONE IN BENZENE SOLUTION 
Temperature = 50*^0 

Concentration of butadiene = 1,10 gmol /l 


No, 

Time, 

min. 

’ t' 

Per cent 
Transmitt- 
ance 

Naphthoquinone 
concentration, 
TAl gjaol /I _ 


k^, sec-^ 

1 

0 

65.0 

0.0560 

0.000 


2 

20 

66.5 

0.0535 

0.045 


3 

40 

67.5 

0.0505 

0.110 

4.1x10“^ 

4 

60 

68.5 

0.0490 

0.145 


5 

80 

69.0 

0.0470 

0.186 


6 

100 

70.0 

0.0440 

0.241 



^alue computed from the slope of the strai^t line relation- 
ship between 't* versus -In 
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TABLE 28 


reactioi rate ooestaets eor the reaction between 

BUTADIENE AND NAPHTHOQUINONE IN BENZENE SOLUTION 


o- 

1 

Temp erature , 

°C 

Second order reaction rsite constant, 
k^xlO^ l/gmol sec 

1 

25 

2.34 

2 

30 

4.24 

3 

35 

7.85 

4 

40 

12.15 

5 

50 

37.30 


reaction rate constant for reaction "between bntadiene and 
ben 2 oq.uinone in benzene solution^® at 35°C is 5.83 x lO"^ 
l/gmol sec. This may be compared with the value of 
second order rate constant for the reaction between buta- 
diene and naphthoquinone of 7.85 ^ 10 l/gmol sec at 
35°C. Eurther the reported value of second order rate 
constant for the reaction between cyclopentadiene and 
naphthoquinone"^ in benzene solution at 30 0 is 4.0 xlO 
1/gmol sec. This is about 1000 tunes hi^er than the 
value of the second order rate constant for the reaction 
between butadiene and naphthoquinone obtained in the 
present study, Also> the reaction race constant for 



TABLE 29 

COMPARISON OE SECOND ORDER RATE CONSTANTS EOR DIPEERENT SYSTEMS IN BENZENE SOLUTION 
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57 

cyclopentadiene and 'benzocLuinone is about 3000 times 

faster than the reaction rate of butadieae i^ith benzo- 

quinone -while it is comparable -with butadiene-maleic 

47 

anhydride reaction; It appears that the more stable 
transbutadiene must isomeriaeto a cisoid , configuration 
before a 1,4 addition to a dinophile can take place. 
Further, the highly strained five member ring structure of 
cyclopentadiene would make it more reactive than butadiene. 

Effect of Solvent and Reaction Mechanism 

The ra-te of reaction may be affected by the nature 
of solvent* To study the effect of solvent on the rate 
of reaction, different solvents \m.th a -wide variation in 
dielectric constant were used. The data ob'tained are 
given in Table 30. Figure 25 shows a plot of dielectric 
constant versus reaction rate constant at 30 C. It is 
noted that the reaction rate constant increased with, an 
increase in dielectric constant upto its value of about 
20 and then it became virtually constant. In view of 
higher reaction rates obtainable with nitrobenzene it may 
be preferred as a solvent for this reaction. 

Figure 26 shows a plot of reciprocal of dielectric 
constant, (i) versus logarithm of second order rate 
constant, (log ^ 2 "^ which is a straight line. Such a 
relationship is expected if the transition state is more 



16 


TA BLE 30 

EEEBCT OE SOLVBHE OF THE EEACTIOF BATE OOFSTAFT AT 30°C FOR 
THE EEACTIOF BETWEEF BUTALIBFE AFL FAPHTHOQUIFOFE 

Fo, Solvent Dielectric constant^^ Reaction Rate Constant, 

1/gmole sec x 10^ 


1 

Benzene 

2.20 

4.21 

2 

Dioxane 

2.10 

4.11 

3 

Chlorobenzene 

5.50 

6.20 

4 

n-butanol 

17.30 

7.14 

5 

n-lxexanol 

13.00 

6.90 

6 

Fitrobenzene 

33.80 

7.18 


tant,k2xlO,l/ 
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polar tlian the reactants when the reaction is carried 
out in polar solvents,^® 

I'able 31 gives the value of activation parameters 
for different solvents. The activation energy is found 
to he of the same order for all solvents. It is noted that 
the value of the freq.uency factor *A’ increases with an 
increase in the value of dielectric constant 'I* in a 
similar manner as the rate of reaction. The overall reaction 
appears to occur through a transition state, 1,4-Naptho- 
ciuinono has a dipole moment of 1,33 1 in benzene^^ This 
should be sufficient to cause an induced dipole on the 
incoming butadiene molecule to produce a transition state 
as shown below: 



A solvent of hi^er dielectric constant enhances the reaction 
rate because it would stabilise the transition state 
involving separation of induced charges. The activation 
parameters for different solvents are of the same order of 
magnitude. This would disfavour the presence of any other 
specific solvent effects. Thus, the overall reaction 
mechanism may be as shown in figure 27 . 
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According to the proposed mechanism of the reaction 
between butadiene and naphthoq.uinone the rate expression 
may be represented as: 

Rate = K [Butadiene] [Naphthoq.uinone] (29) 

This rate exjpression is consistent with the overall rate 
expression (26) used for correlating the kinetic data. 
Perhaps the second step of the reaction mechanism shown in 
Figure 27 may be best described as a two-stage single-suep 
process. That is, the transfo mat ions following the attack 
of butadiene on the d:mophile ( 1 , 4 -naphthoq.uinone) are q,uite 
fast to be considered as a single step process. 

The rate data obtained in the present study could be 
utiliaed for rational design of reactors. 



SEGTiou : m 


DETEEMINATION OE EFFECTIVE IFTEPJACiMi AREA AED MASS 
TEAESFER COEFFICIENTS IN &AS-LIQIJID CONTACTORS 



CHAPTER 8 


IHTRODUCTIOH AHI) LITERATURE REVIEW 
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The liq-uid-side mass transfer coefficient and 
effective interfacial area are two important parameters 
for designing gas-liquid contactors. Physical methods and 
chemical methods have been used for determining the effective 
interfacial area. Among physical methods the following 
are important: 

‘ 50—32 

1, Optical transmittance method 

2, transmittance^-^ 

34~35 

3. Photographic technique 

56 

4. Sedimentation 

Danckwerts and Shaima^"^ have examined these methods 
and have shown that the physical methods suffer from 
considerable disadvantages due to one or more of the 
following reasons; 

1, For a proper study probes have to be inserted 
into the liquid to a substantial depth which would 
cLxsturb the system and afiect the true area. 

2, Photographs taken at the walls of the column 
give a picture of bubbles which may not be 
truly representative of the bubbles in the 
bulk of liquid. 

3, Existence of small micron-sized ionic bubbles 
may not Ije brought out by these methods. It 
is very likely that the area measurements 
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obtained in this way are not necessarily 
the areas which are effective for mass 
transfer, 

4* VJhen more than two phases are present in 
the system it probably becomes impossible 
to find the effective interfacial area by 
these techniques. 

Chemical methods can be advantageously used for the 
determination of effective interffacial area as well as the 
liquid side mass transfer coefficients. For example the data 
on absorption accompanied by pseudo-nth order reaction can be 
conveniently used for the determination of effective inter- 
facial area a, in gas liquid contactors. The theory of 
absorption accompanied by a relatively slow reaction may be 
used for the determination of liquid side mass transfer 
coefficients, 

LITERATURE REVIEW : 

A variety of systems obeying different kinetics 
have boon used by various authors for determining the values 
of effective interfacial area and physical mass transfer 

58 

coefficients in gas— liquid contactors, Cottmers and Rase 
studied the characteristics of sin^o and multiple hole 
orifice plates as gas-liquid contactors with respect to 
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plate design, plate spacing and gas liquid flow rates, 

Tiie reactive system, used was catalytic oxidation of aqueous 
sodium sulfite solution using air, Yosliida and Akita^^ 
used the same system for determining the volumetric mass 
transfer coefficient,kj^,in huh hie columns of various sizes. 
Braulick, Pair and Lerner^^ carried out a detailed study of 
huhhle contacting coliwnns of 5,4 and 6 in diameter. Cooper, 
Pernstrom and Miller^^ presented the above system as a tool 
for studying the design variables pertinent to agitated gas 
liquid contactors. Jhaveri and Sharma used the theory 
of absorption accompanied by a pseudo~nth order reaction 
to determine the values of effective inifcerfacial area in 
laboratory packed columns. Oxygen was absorbed in aqueous 

50 

solution of cuprous chloride and sodium dithionite, Gehlawat 


used the kinetics of absorption of isobutylene in the aqueous 
solutions of sulfuric acid for the determination of effective 
interfacial area in a laboratory packed column and bubble 
column. Bhargava and Sharma^^ used the rcaotivo system 
of hydrochloric acid gas with terpenes (a-piuene, myreene, 
camphene, ^^-carene) and isoamylene using chlorobenzene as 
solvent for determining effective interfacial area and liquid 
side mass transfer coefficient of mechanically agitated 
contactor and packed columns. Mashelkar and Sharma 
studied the mass transfer characteristics of bubble columns 
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operated in scmi-liatcli, continuous, cocurrent and counter- 
current modes of absorption ¥itli chemical reaction, Juvekar 

66 

and Sho-rma used the system of oxidation of alkaline 
solution of sodiun dithionate to determine the ralues of 
physical mass transfer coefficient and effective inter- 
facial area in the bubble column and mechanically agitated 
contactors. 

Practically no information is available in the 
literature for the liquid side mass transfer coefficient, 
k; a • for molten systems, G-ehlawat^ studied the kinetics of 
absorption of butadiene in molten maleic anhydride, The 
reaction was found to be relatively slow. It could be 
conveniently used for the determination of the values of 
k^a for laboratory bubble columns which can be used as a 
design parameter for industrial absorbers. The absorption 
of butadiene into molten maleic anhydride may bo carried 
out to produce tetrahydrophthalic anhydride which is an 

industrially important product. 

The kinetics of absorption of oxygen in aqueous 
solutions of ammonium sulfito disoussod in Section I can 
to oonvoniontly used for the dotormlnation of true mass 
transfer oooffioionts in ga3-liq.uid contactors. It is a 
system that can be used for this purpose. 


now 
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Packed columns and bubble columns axe amongst the 
most important industrial contactors for gas-liq.uid systems. 
They are very simple in construction and can be conveniently- 
used for a large number of industrial applications. The 
determination of the physical mass transfer coefficients 
and effective interfacial area was therefore carried out 
using laboratory sized packed columns and bubble columns. 

Packed Oolimins ; 

Pure oxygen was absorbed in aq.ueous solutions of 

ammoni-um s-ulfite in a 5 cm i.d. glasS' packed column 

randomly packed with 9.5 mm glass Raschig rings. The main 

features of the column were akin to 'those used for Jhaveri 

and Sharma?^ The rate of absorption was measured by the 

62 

volumetric method adopted by Jhaveri and Sharma. Pure 
oxygen was collected in a balloon which was essentially 
at atmospheric pressure and the rate of absorption of 
oxygen was measured by using a soap film meter. The liq.uid 
flow rate was varied from 2,16 to 7.5 cmVsec. The column 
was purged with pure oxygen (purity 99.0 per cent) after 
every run. Figure 28 shows the schematic flow diagram of 

the apparatus. 

Bubble Columns ; 

The absorption of oxygen in aqueous solutions of 

T-p-i-a -iTod oarried out in bubble columns of 
ammonium suilfite was caj-Xieu o 



Ammonium 
sulfite solution 
storage bottle 



Fig. ^ -Experimental set-up tor packed column. 
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2,2 cm axid 5 cm i,d. in a batch as well as in a continu~ 
ous counter current manner, For batch operations, aciueous 
solutions of ammonium sulfite in concentration range of 0,4 
to 0.45 gmol -/l ¥ere taken in the bubble column. The con- 
centration of the cobaltous sulphate catalyst was maintained 
at 4.70 X 10~^ gmol/l. The ratio of height of dispersion 
to column diameter was kept at about 8.0. Pure oxygen 
was introduced from the bottom through an inlet tube of 
4 TniTi diameter provided with a non— return valve. The run 
was carried out f or a known time. The rate of reaction, Ra, 
gmol/sec. cm^ was calculated from the drop in the concen- 
tration of ammonium sulfite during this period. 

Continuous runs were conducted in the 5 c.m. i.d, 
bubble col-umn. The concentration of ammonium sulfite in 
the aciueous solutions was maintained between 0.570 to 0,440 
gmol/l. Air was introduced through a bottom inlet tube of 
4 mm dia. The inlet and outlet li<iuid streams were analysed 
for its ammonium sulfite content. The experiments were 
conducted at different liquid flow rates for a given gas 
flow rate. The ratio of height of dispersion to column 
diameter was kept constant at 10,0 using a constant level 
device. 

Jacket ted Bubble Columns ; 

The absorption of butadiene gas in molten maleic 

anhydride was carried out in jacketted glass bii.bble columns 
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of sizes 5.5 cm and 4.6 cm diameter and 65 cm in height. 

In a typical run a known amount of maleic anhydride was 
taken in the huhhle column. The entire column assembly 
was weighed. The bubble column was connected to the buta- 
diene gas supply from a cylinder. The purit37' of the gas 
was 99.5 per cent. Hot alueous solution of glycerine was 
circulated through the column jacket to bring the tempera- 
ture of moleten maleic anhydride to the desired value of 
102 - 105^0, Pure butadiene gas was then introduced at the 
bottom through an inlet tube of 4 mm dia at a loiown flow 
rate for a given time. The ratio of dispersion hei^t to 
column diameter was maintained at about 8.0, The increase 
in weight of the contents for a known period of time was 
taken as a measure of the rate of absorption. The reaction 
time was short (2-10 min) so that the concentration of the 
reactant (maleic anhydride) decreased marginally from an 
initial value of 10 gmol/l to about 8 gmol/l in the extreme 
case . 

Some runs were carried out in a 7.5 cm i.d. and 120 
cm tall jacketted stainless steel bubble column using an 
industrial C^- stream from a synthetic rubber plant containing 
about 55 per cent butadiene. About 2 kg of maleic anhydride 
was charged into the reactor per batch. It was heated to 
about 80°G by steam in the jacket and the butadiene stream 
was introduced at the bottom through an inlet tube of 6 mm dia. 
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The progress of the reaction was followed ty analysing 
the inlet and outlet gas streams for butadiene content 
using gas liquid chromatography, A 6 mm dia 8 metre 
long column packed with dimethyl sulfolane on 60 mesh 
size chromosorb— ¥ was used with hydrogen as' the carrier gas, 
Tigure 29 shows a typical chromatogram of the C^-fraction 
from the butadiene plant. 



injection 



0 2-0 4-0 6-0 8-0 10-0 12-0 

Retention time in minutes 

Fig. 29 - A typical chromatogram for the analysis of a 


butadiene stream. 
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Absorption of Oxygen in AQueous Solutions of Ammonim Sulfite 
in Packed Col-umns : 

As discussed in Section I the system of absorption 
of oxygen in aqueous solutions of ammonium sulfite conforms 
to pseudo-nth order mechanism with the values of m=l and 
n=2, The rate of absorption is given by the following 
equation 

% = a C^I V (is) 

where Ra = Rate of absorption in packed column, gmol/cm^sec, 

[A] = Solubility of oxygen in aqueous solutions of 
ammonium sulfite, gmol/l. 

It is noted that stirred cell may be considered as 

O f-S 

a model for packed columns; Thus, the values of kj^ obtained 
experimentally in stirred cells as reported in Table 15 
of Section I may be considered to be of the same order of 
magnitude as obtainable for packed columns in actual 
practice, 

for a typical run for the absorption of pure oxygen 
in aqueous solutions of ammonium sulfite in a packed column, 
the following values are applicable 

= 3 x 10**^ cm/sec, 

[B] = 4 X 10~'^ gmol/cm^ 


(from Table 15 of Section l) 


94 


[A] = 9.4 X 10~'^ gmol/cm^ (From Table 13 of Section I) 


■wherefrom 
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Thus, the conditions given by expressions (7) and (8) of 
Section I are satisfied. Equation (18) can therefore be 
used to determine the values of effective intarfacial 
area in packed columns. 

The values of effective interfacial area obtained 

for a packed column at different liquid flow rates are 

given in Table 32 and are also plotted in Figure 50, The 

data obtained in the present work have been compared "with 

0 

the data reported by Jhaveri and Sharma^" (3.ast column of 
Table 32 and 0 data points in Figure 30) . It is observed 
that the values of efiective interfacial area obtained by 
using this system agree reasonably ■well with those obtained 
■with other reactive systems. 


Effective Interfacial Area in Bubble Columns ; 

For a typical r-un for the absorption of pure oxygen 
in aqueous solutions of ammonium sulfite in a bubble col'umn, 
the following data are representative , 
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^-2 


ICj^ = 3x10 cm/sec. 

[B] = 4x10 ^ gmol/cm^ 

[A] = 9.4x10”"'^ gmol/cm^, 


Then 


M 




= 10.5; 


It 


= 213 


— Z[ 

Once again the conditions given by expressions (7) and (8) 

■were satisfied. Therefore the equation (l8)Geahe used to 
determine the effective interfacial area in bubble columns. 
Tables 33 and 34 give the values of effective inter- 
facial area in bubble columns of 2,2 cm and 5 cm diameter 
respectively, 

Tor the continuous runs in bubble col'umns, oxygen 

from air -t^as absorbed into aqueous solutions of ammonium 

—7 3 

s-ulfite. In this case the value of [A] = 2x10 gmol/cm"^ 
and^^-^- = 1000 so that the conditions given by expressions 

(7) and (8) are satisfied, and equation(l8) can be used as above 
Table 35 gives the values of effective interfacial 
area of 5 cm bubble column for the continuous countercurrent 
operation, 

Figure 31 sho'ws the effective interfacial area 
obtained for bubble column in the present -work along "with 
the data reported by Juvekar and Sharma, A close agreement 


is noted 



EFFECTIVE INTBRFACIAL AREA IN BUBBLE COLUMNS (BATCH OPERATION) 
System = immonium sulfite- Oxygen | Temperature = 30°G 
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System; Annonium sulfite-oxygen 
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Fig. 131 


t 


1 1 1 f ' 

System .'Ammonium sutfite -oxygen 
Temperoture r30*C « 


Catolyst concn.=4‘ 70x10 g mol /I 


20 



Present da to 

K In 5cm d ia column continuous run^ 
a In 5cm dia. column batch runs 
• In 2-2cm die. column batch runs 


o Reported dota 


i66 


10 20 30 40 50 

Superficial velocity .cm /sec 


- Effect of superficial gas velocity on effective 
in ter facial area in a bubble column. 
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gH YS-LQil, M ASS TRAIISFER GO.agPICIii;I^nB IN MOLTS If SYSTEI4S ; 

The heterogeneous reaction het¥een gaseous butadiene 
and molten maleic anhydride to give tetrahydrophthalic 
anhydride (THPA) may be represented as follows s 


HC 

1 


,CH2 


■CH- 


+ 


He- 

ll 

HC 


// 


0 


o 


■c 




Hz 

X ^ 

- 

11 ! 

I H 


*4 


o 


(30) 


■o 




o 


Butadiene 

A(g) 


Maleic anhydride 
B (molten) 


THPA 

C (molten) 


The kinetics of this industrially important reaction has 
been reported by Gehlawatf The reaction is first order 
in butadiene as well as first order in maleic anhydride. The 
reaction is relatively slow and in a bubble column the rate 
of absorption of butadiene in molten maleic anhydride is 
likely to be given by the eq.uation (4) of Section I, 

Ra = kj^a [A] (4) 

Bor this system the condition to be satisfied are given by 
the expression (5) of Section I 

k^ [B] > kj^ («51) 

It may be noted that the rate of absorption, Ra, in 
equation (4) is an esperimental observation and hence known. 
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Th.0 "valuss of [A] ai*© also known'i Hsnce the values of 
physical mass transfer coefficient, can be determined by 
the use of equation (4). 

A typical value of k2[B] for the reaction between 
butadiene and maleic anhydride (where = 10 cm^/gmol sec 
and [B] = 10 gmol/cm^] works out to be 0,1. The values 
of physical mass transfer co efficients, kj^a determined using 
expression (4) are given in Table 36. They are in the range 
between 1,5x10 ^ to 6xl0~^ sec7^ Therefore, the condition 
given by expression (31), that is, > kj^a was satisfied, 

From the data given in Table 36 it may be noted that 

the values of l^a for different sizes of the bubble column 

at the Same superficial velocity are of comparable order of 

magnitude. However, the values of l<:^a were appreciably 

higher in the presence of packings in the bubble column as 

may be noted from run numbers 3, 9 and 12 of Table 36, 

64—65 

Mashelkar and Sharma also observed that the presence 

of packings in bubble columns contributed to an increase in 
the effective interfacial area. 

The typical values of kj^ reported for aqueous 
systems are given in Table 37, A comparison of the values 
given in Tables 36 and 37 would show that the ICj^a values 
for a molten system as obtained in the present work agree 
reasonably well with the reported data for aqueous systems. 
The data are likely to be useful as a design parameter for 
industrial absorbers. 
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TABLE ^6 

EEFECT OE SUPEEEICIAL &AB moCiLT 01 PHYSICAL MASS 
TRAESPER COEPEIGIEIT IR JACKETTED BUBBLE COLUMNS 

Syston: Butadiene - naleic anhydride f ^ 9- C~ 


Inside dia- SuperficieGl Physical mass 
No. met or of gas velocity transfer co- 

column, cm cm/sec efficient Remarks 

k-a X 10^ sec~^ 


1 

3.5 

4.1 

1.9 


2 

3.5 

8.2 

3.8 


3 

3.5 

11.7 

5.1 


4 

3.5 

15.2 

5.7 


5 

4.6 

4.90 

2.2 


6 

4.6 

10.30 

4.6 


7 

4.6 

15.50 

5.9 


8 

4.6 

10.30 

5.9 

9.5 mm i.d, glass 
Raschig rings were used 

9 

4.6 

19.40 

7.8 

as column packing 


10 

7.5 

3.50 

1.5 

Higher gas flow rates 
could not ho used 

11 

7.5 

7.00 

2.5 


12 

7.5 

4.30 

277 

9.5 Him i.d. glass Raschig 
rings wore used as column 
packing 
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lASlE 37 

TYPICili YAL1JE3 OP MilSS TRAI'ISPER COEEPICIEIO: PORBUSBl-^ COLUMK 
FORAQUEOUS SYSTEM PROM LITERATURE^ 


Superficial Gas Velocity 
cn/sec 


iaa z 10^ 


sec 


-1 


2 

1.5 

5 

2.5 

7 

4.0 

10 

5.0 

15 

6.0 

20 

6.9 


CHAPTER 11 


COIOLUSIOIS 
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llie theory of absorption accompanied by chemical 
reaction has been used to study the kinetics of the hetero- 
geneous reaction oetween oxygen and a<9.ueous solutions of 
ammonium sulfite. The absorption of oxygen in a(lueous 
solutions of ammonium sulfite in the concentration range 
of 0,045 to 0,45 gmol/l in the presence of cobaltous sulfate 
as a soluble catalyst was found to conform to the fast 
pseudo-nth order mechanism. The overall reaction was fo-und 
to be third order. If was first order with respect to 
oxygen and second order with respect to ammonium sulfite. 

The third order reaction rate constant at 50°C was found 
to be 2,70 X 10^(l/gmol)^ sec ^ and the apparent energy of 
activation was found to be 14.5 kcal/gmol. 

The solubility of butadiene in different organic 
solvents was found to be sufficiently large to enable the 
kinetics of the reaction between dissolved butadiene and 
naphthoquinone to be studied in the homogeneous phase. 

The reaction was found to be first order both with respect 
to butadiene and with respect to naphthoquinone. The value 
of the second order reaction rate constant at 30°C in 
benzene solution was 4.21 x 10 l/gmol sec. The activation 
energy was found to be 22,2 kcal/gmol. The nature of the 
solvent influenced the reaction rate. A correlation of 
the rate data with the reciprocal of dielectric constant 
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of the solvent, (l/D) gave a straight line. The Diels- 
Alder addition reaction “between butadiene and naphtho- 
quinone appears to occur through a transition state. A 
reaction mechanism has been proposed which is considered 
to be consistent with the experimental observations. 

The kinetics of two new reactive gas-liquid 
heterogeneous systems has been used to determine the 
effective interfacial area and physical mass transfer 
coefficients in laboratory packed columns and bubble columns. 
The results obtained in this study ar'e found to agree 
reasonably well with the reported data. It may be important 
to note that the values of the mass transfer coefficients 
for the absorption of butadiene in molten maleic anhydride 
(a molten system) in bubble columns obtained in this work 
are found to bo comparable with the reported data for the 
aqueous systems under similar hydrodynamic conditions. 

The data on the reaction kinetics, effective inter- 
facial 'areLa and mass transfer coefficients obtained in 
this study are likely to be useful for a rational design 
of industrial reactors, A worked out design problem for 
the selective absorption of butadiene from a effraction 
in molten maleic anhydride in a bubble column reactor 
illustrates the usefulness of the data obtained in the 
present study. The design details are given in the 


Appendix, 
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Bubble columns as industrial reactors for gas-liquid 
reactions have certain basic advantages. These are the 
absence of moving parts and thus eliminating the need of 
seals, low maintenance cost and smaller floor space. Also 
they have large heat transfer area per unit volume of the 
reactor resulting in higher transfer rates. loxv’’ equipment 
cost, ability to handle solids and high values of effective 
interfacial area and overall mass transfer coefficients are 
certain other advantages of the bubble colximns. Ma,shelkar 
discussed the relevant features of the bubble column reactors. 

For relatively small capacitios, the recovery of 
butadiene from a -fraction may bo economically carried 
out by its selective reaction with maleic anhydride to 
produce tetrahydrophthalic anhydride which is an industrially 
important chemical. For lean, mixtures of butadiene a bubble 
column reactor may bo the best choice since the gas phase 
would follow plug flow behaviour and the effective concen- 
tration of butadiene may be taken as the logarithmic mean of 
its partial pressure in the inlet and exit streams. On the 
other hand, an agitated gas-liquid contactor woiHd be the 
worst choice since in this case the gas phase will also be 
completely backmixed and the effective concentration of the 
solution will correspond to its partial pressure in the exit 


stream 
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THE PROBLEM ; 

It is proposed to design a bubble column reactor 
for the recoveiy of 1500 tonnes of butadiene per year from 
an industrial stream by its selective reaction with maleic 
anhydride. The gaseous stream obtained as a by-product from 
an industrial unit contains about 35 mole per cent of 
butadiene. The butadiene content in the outlet stream is 
to be reduced to 1 mole per cent. The column will operate 
iso thermally at 105^0 which is slightly above the melting 
point of the reaction product. 


Development of the Design Equation ; 

It will be seen later that the rate of absorption of 
butadiene in molten maleic anhydride upto a certain concen- 
tration of maleic anhydride (4.60 gmol/l) is given by 

Ra = kj^a [A] (4) 


Eor a differential height, dz, of the 
column the following expression may 
be written 

-®i = A sh(5^) (32) 

where m = mole ratio of the buta- 
diene to inert gas 

A = cross-sectional area of 
the column, cm^ 
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Gr^ = molal flow rate of inerts, gmol/soc 
H = Henry's constant, gtaol/cm^ atm 
p = pressure, atm 

z = distance from the top of the colimin, cm 


This ecLuation may be modified by considering the 
following: 

1, It is assumed that the liquid is completely 
backmixed, 

2, The pressure at any point in the column 
varies due to the hydrostatic head in the 
column above that point. 

At a point which is at a height r- from the top of 


tho column tho pross'orc will be given by 


^ disp 


(35) 


where 


"t 13.6x76 
= pressure at the top of the column, atm, 

.3 


P-, . = dispersion density , gm/ cm' 

■'dxsp 


Assuming that the gas leaves the column at essentially 
atmospheric pressure the following expression holds. 


Z Pa A 


-®i H = A kja (1+ 53 ) H 


(34) 


The above exp re 


ssion is integrated to obtain 
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m, 

.1 


m+1 

m 


dm = 


m 


A ICj^a H 
1 


h 

; 


2 

T5. 




(35) 


o 


0 


■whore L 
m 

o 




dispersed height in the coliunn, cm 

mole ratio of butadiene to inert gas in exit stream 

mole ratio of butadiene to inert go.s in i m et 
stream 


The integrated expression reduces to 


m . — m + In — 
1 o m 


A ICj^a H A. 


^i 




(35) 


Eq.uation (56) would enable the column diameter and 
hei^t to bo calculated. 


DESICT PROCEDURE : 

Stop (l) : Assume an average pressure in the column (1.4 
atm., ,in this case based on first trial) 


Average pressure 


_ Pressure at the top + Pressure at the bottom 


Step ( 2) : Calculate the capacity of the column. 
1500 tomes of butadiene/year of 325 working days 


1500 X 1000 X 1000 
325 X 24 x 54 3600 


1 gmol/ sec 
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The ‘butadiGiiG content is to be reduced fron 33 
per cent to 1 per cent, that is, 

^*^5, y = 0.01 


IhG gas phase may be assumed to follow plug flow 
behaviour which gives an effective butadiene concentration 

y = ■’* ^0 ^ 0.35 - 0.01 

avg In y^/y 0^ 

0.01 


= 0.096 

The gas flow rate through the column = 

0,35 

= 2.85 gmol/sec 

= 63100 cm^/sec at nOo'^C and 1,4 atm, 

A 

In practice a linear gas velocity of 10 cm/soc may 
be used. Corresponding to this gas velocity the k^a value 
is obtained from Table 36. 

= 4.6 X lO”"^ sec~^ 


Cross sectional area of 
the column 


Total volumetric flow rate 
linear gas velocity 


= = 6310 cm^ 


wherefrom column diameter = 89*6 cm 

A 90 cm diameter column is selected. This gives an 
area of cross section A =■ 6362 cm • 
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Step (3) ; Calculate the height of dispersion, I, 

The solubility of pure butadiene in molten maleic 
anhydride'^, [A] at 105*^0 = 1.75 x 10 ^ gmol/cm^ atm. 

The effective butadiene concentration under column tormina! 
conditions, H, works out as 

H = 1.40 X 0.096 X 1.75 x 10”^ 

= 2.54 X 10“^ gmol/cm^ atm. 


Other conditions and pertinent data are 

m^ = 0.54 

m =0.01 
o 

= 4.6 X 


= 0.55 

y^ = 0.01 

y = 0.096 
avg 


10 ' 


-2 


P = 0,85 gm/cn^ (assumed) 

disp . ^ o* / ^ 


Substituting the various values in eq.uation (56). 

0.54 <^^APx4.6xlO“^x2 .54xl0"l. 

0.54 - 0.01 + in = 1785 

2 X 15. 6x 76 


This simplifies to obtain a quadratic equation give 
+ 2450 1 - 2.98 x 10^ =0 (- 

Solving the above quadratic equation gives 


1 = 895 cia. 
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Stop ( 4 ) ; 

Check the pressure at the bottom of the column 
Pros sure at the bottom of the coltimn = 1 + 

15.6 X 76 

= 1 + 0.740 = 1.740 
Average pressure = 

Hence the assumption of average pressure as 1.4 atra is neairlsr 
correct . 

The absorption of butadiene in molten maleic anhydride 
may be carried out in a somicontinuous reactor, i.e., a 
given charge of maleic anhydride is taken into the jacket ted 
bubble ocolumn to be heated by steam. The gaseous stream 
containing butadiene is bubbled through the molten mass at 
the dosirod flow rate; 

G-ehlawat^ has reported reaction rate constant, 
k^ = 10 cm^/gmol/soc at 105°C. The limiting concentration 
of maleic anhydride f or t ho rate expression (4) to be 
applicable may be calCTilated from the incq_ucxlity expression 
(31). 

-j 

[B] > 

[B] =4 «60 gmol/l. 

Thus it is interesting to note that for this system 
the rate controlling step changes from physical rate of 
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absorption to tho true chonical roo.ction after tlio reactant 
concentration has boon reduced from an initial value of 
10 gmol/1 to 4.6 graol/l. 

OAICULATIQ]^ OF TIME 01 REACTIOIJ 


Physical Absorption Period 

A material balance on butadiene is desii'Cd, 


Rate of absorption of butadiene = G . x (decrease in butadiene 

molar content) 


= 1.85 (0.54 - 0.01) 

= 0,98 gmol/soc 

Volume of reactant = Column area x dispersion height 


6562 X 895 
1000 


= 5693 1 


Initial [B] =10 gmol/l 

Pinal [B] =4.60 gmol/1 


Prom stoichiometric consideration a material balance on 
maleic anhydride gives the amount of butadiene to be 
absorbed. 


= 5693 (10-4.60) 

Hence the time for physical absorption = 


5693 X 5.4 

0.98 3: 3600 


t^ = 8,8 hrs. 
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Ghomica,! Reaction Period ; 

Initial valno of [B] = 4 ,60 gnol/l. 

Binal value of [B] =0,1 gmol/l 

(which, gives a product purity of 99 per cent). 
The operating chemical rate equation is 

E. = = k 2 [A] [B], wherefrom the time of 

chemical reaction 



Substituting the various values in equation (38) and 
integrating wo get 

t^ = 6.4 hrs 


Total time of reaction = + '^'2 

= 8.8 + 6,4 


15.2 hrs 


The above estimate of overall time of reaction 
is a conservative estimate » since it has been implied that 
the effective solubility of butadiene in molten mass 
during the chemical reaction period remains constant. 
However, this is not the true picture. The actual reaction 
time would be lower than the value estimated above. The 
error nay be of the order of l5 per cent. In practice, 
a set of two bubble column reactors may be used in series. 
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During tho physical absorption rate period the partial 
prossuro of the exit stream from the first reactor will 
remain constant at l per cent as calculated above. However, 
this situation Would change when the chemical reaction 
would control after tho concentration of maleic anhydride 
is reduced to lower than 4.6 gmol/l. Then the partial 
pressure of butadiene in the exit stream from the first 
reactor would increase gradually* This will, however, mean 
that the second reactor would receive a richer butadiene 
stream and the overall rate of absorption in the second 
reactor would be higher. 



